The surface and near surface structure of copper-indium-gallium-selenide (CIGS) absorber layers is integral to the producing a high-quality photovoltaic junction. By using X-ray absorption spectroscopy (XAS) and monitoring multiple elemental absorption edges with both theory and experiment, we are able to identify several features of the surface of CIGS as a function of composition and surface treatments. The XAS data shows trends in the near surface region of oxygen, copper, indium and gallium species as the copper content is varied in the films. The oxygen surface species are also monitored through a series of experiments that systematically investigates the effects of water and various solutions of: ammonium hydroxide, cadmium sulfate, and thiourea. These being components of cadmium sulfide chemical bath deposition (CBD). Characteristics of the CBD are correlated with a restorative effect that produces as normalized, uniform surface chemistry as measured by XAS. This surface chemistry is found in CIGS solar cells with excellent power conversion efficiency ( < 19%). The results provide new insight for CIGS processing strategies that seek to replace CBD and/or cadmium sulfide.
Introduction
Copper-indium-gallium-selenide (CIGS) solar cells have been in development for over 20 years, and have shown efficiencies of over 22% [1] . Polycrystalline thin film technologies offer the promise of reduced processing costs while still providing high power conversion efficiencies (PCEs) [2] . Several strategies have been developed to fabricate the multi-element compound including evaporation, sputtering, metal selenization, and solution deposition, to list a few. A major theme from research in CIGS has revolved around the surface and near surface chemistry of CIGS. The topic has been reviewed several times [3] [4] [5] . It suffices to say that the multi-element CIGS surface chemistry is very complex and yet the formation of high-quality photovoltaic junctions is evident in device performance [1] .
The CIGS architecture commonly employs chemical bath deposition (CBD) of cadmium sulfide to fabricate the interfacial layer for the front contact. The combination of CBD and CdS appears to be the best method to produce high performing CIGS [6, 7] . CdS has good energyband alignment with the CIGS to minimize transport losses. The overall field has been reviewed in detail by both Todorov and Huang [8, 9] . CdS however, limits the potential photo current due to its 2.4 eV band gap and presents toxicity concerns [10] . By some estimates the additional photocurrent that could be gained could improve overall performance 10% making > 23% PCE devices. Nevertheless, the problem is elusive and has not fully been resolved. Our approach to this challenge is to investigate CIGS surface and related CBD surface treatments with element specific chemical analysis in the form of X-ray absorption spectroscopy to deconvolute the role of the CBD processing and CdS material. We recently reported on CdS films as part of this effort and herein focus our efforts on the CBD processing [11] . This methodology can be applied to materials and processes being considered for replacing CdS such as ZnO x S 1−x [12, 13] .
By probing the CIGS surface with element specific chemical analysis before and after chemical bath processing, we gain new insight into the surface chemistry of CIGS. This is motivated by an important question: how does the CBD of CdS react to the surface chemistry produced by CIGS absorber processing? To answer this, we investigate the CIGS surface with soft X-ray absorption spectroscopy from three perspectives: 1) CIGS bulk composition effect on the surface; 2) a stepwise evaluation of the CBD process; 3) chemical bath treatment of CIGS with deliberate surface degradation. The metal ratio of the CIGS bulk film will determine in part the chemical termination at the surface and will play a role in the formation of the interface with CdS. Understanding the chemical species at the surface gives insight on how the chemical bath processing develops the surface chemistry. The second component to this study demarks the possible effects from each constituent in the chemical bath processing. CBD requires the CIGS absorbers to be exposed to ambient conditions following deposition and the third experiment investigates this in the extreme.
We use XAS, an element-specific probe that measures the electronic and atomic structure of a material following excitation from a core state into an unoccupied state [14] . As part of this, an unlikely player is investigated to understand the surface chemistry: oxygen. Probing how oxygen bonds to the CIGS surface gives insight into reactive species that likely play a role in the formation of the interface. The richest information was obtained from the near surface region x < 50 nm by measuring total electron yield (TEY) of the excited core electron decay process. The understanding gained from XAS can be increased by comparing experimental spectra to those calculated of model systems by density functional theory (DFT) [15] . This DFT methodology is specific to XAS that takes model structures as input. With this in mind, we can investigate the surface and near-surface composition with respect to the elemental make-up related to CIGS. The measurements included Cu, Ga, and O. These elements are well situated to be studied based on the X-ray absorption cross-section, their presence in CIGS devices, and the experimental capabilities of the synchrotron end station. Oxygen can be thought of as a 'stop bath', equivalent to what is used to halt the developer used in making print photographs and showing the reactive species, particularly at the surface. XAS of oxygen is well understood with extensive literature and in terms of XAS computation. Furthermore, oxygen interaction with CIGS has not always been emphasized in investigating the processing of CIGS.
The XAS was measured on many different CIGS samples after deposition and selected chemical bath processing. The CBD of CdS is performed in basic solution (NH 4 OH) using both cadmium sulfate (CdSO 4 ) and thiourea (SC(NH 2 ) 2 ) as precursors at~65°C [16] . Complete formation of CdS film from CBD was avoided to maintain a surface sensitivity for the XAS signal. The CBD process was thus studied piecewise where CIGS absorbers were exposed to different steps in of the CBD process with subsequent XAS measurements [17] [18] [19] [20] [21] . The approach is derived from experiments in CIGS research where it was found that a 'partial electrolyte' solution of NH 4 OH and CdSO 4 correlates with improved device performance, albeit not as significant as with complete CBD of CdS [22] . This is referred to hereafter as the partial electrolyte dip (PED).
Materials and methods
CIGS was coevaporated on molybdenum-coated soda-lime glass using the three-stage method developed at the National Renewable Energy Laboratory [23] . All device architectures consisted of the following: soda lime glass substrate, molybdenum, CIGS, CdS window layer, zinc oxide window layer, aluminum-doped zinc oxide, metal contacts. Two different deposition systems were employed in this study. Data will be designated as either a C-system or P-system to identify the source material. Both the C-and P-systems use coevaporation that is optimized for the instrument to produce the best possible device results. We include results from both the C-and Psystems to assess similarities in CIGS absorbers despite the source deposition system. Samples were stored in a nitrogen environment following deposition and during transport. Handling procedures were conducted such that exposure to air was minimized. As discussed above, this work emphasizes three experiments designed to investigate the processing of CIGS surface: 1) CIGS bulk composition effect on the surface; 2) a stepwise evaluation of the CBD process; 3) chemical bath treatment of CIGS with deliberate surface degradation. The following summarizes the experiments performed to produce the samples.
Devices were fabricated [23] from absorber films sectioned from the same sample that received the synchrotron measurements. Devices consisted of a CdS layer by CBD, intrinsic zinc oxide, aluminum doped zinc oxide, and contact metallization.
Composition effects
The standard coevaporation process was modified to change the ratio of metal evaporation to produce Cu/In+Ga ratios of: 0.93, 0.86, 0.84, 0.79, 0.76, and 0.71. These samples were grown in the P-system.
Stepwise chemical bath treatments
Five pieces of CIGS were individually submersed for 13 min at 65°C in solutions of the following: 1) deionized water; 2) NH 4 OH (1 mM); 3) Thiourea/NH 4 OH (O.1 mM/1 mM); 4) CdSO 4 (2 µM); 5) CdSO 4 /NH 4 OH (2 µM/1 mM). The CdSO 4 /NH 4 OH treatment is hereafter referred to as the cadmium partial electrolyte dip or PED. The CIGS films was grown in the C-system.
Surface degradation
The surface degradation was accomplished where sections of CIGS were exposed to oxygen plasma or argon sputtering. Remote oxygen plasma exposures were performed in a plasma CVD system (NPE-4000, Nano-Master Inc.) with conditions: 1 min exposure, O.7 Torr, 75/ 5 sccm of O 2 /N 2 , 500 W, and +50 V DC sample bias. Argon sputtering was performed in a custom vacuum at a base pressure for the experiment of 4×10 −6 Torr and operating pressure with argon at
. The sputtering gun was set to a 55 V discharge at 30 mA for 1 min. Each case included two samples where one received a chemical bath treatment in addition to the oxygen plasma or argon sputtering. Witness samples of as-deposited CIGS and CBD-treated CIGS were also included. The CIGS films were grown in the C-system.
XAS measurements
Measurements were taken at end station 10-1 at Stanford Synchrotron Radiation Laboratory and aligned to known standards. Nominal resolution was ΔE/E of~2×10 . The spectra were collected by both total electron yield (TEY) by monitoring the drain current generated by the incident photons, as well as by monitoring total fluorescence yield using a photodiode. Auger electron yield (AEY) measurements were obtained by using a cylindrical mirror analyzer and only collecting the auger electrons from the relevant element.
Calculated XAS Spectra -XAS spectra were calculated using a method that has been detailed previously [24] . We employ QUANTUM ESPRESSO within the plane-wave pseudopotential orbital-occupancy constrained DFT employing the PBE functional [25] . The transition amplitudes are calculated according to Fermi's golden rule for X-ray absorption cross-sections:
In this case, α 0 is the fine structure constant, ω ℏ is the energy of the absorbed photon and M i f → are the transition amplitudes between the initial (i) and final (f) states, with a corresponding energy difference of E E − f i . The initial state is always the 1s orbital of the excited atom and the final states are the unoccupied Kohn-Sham eigenstates derived from a self-consistent field computer within the excited electron and core hole (XCH) approximation for the electronic final state [15] .
The excited-state electron density is computed self consistently with the replacement of the ground-state pseudopotential of the coreexcited atom in the system with that derived from a similarly coreexcited isolated atom (for the O K-edge, we assume the configuration of ) to model the hole and the addition of one extra (excited) electron to the total number of ground state valence electrons to this system [15] .
The sum over final states includes both electronic band indices and wave vectors. In this work, this required multiple k-points, and we lower the computational cost by exploiting a scheme from which the entire Brillouin zone can be generated based only from the zone center.
Spectra are aligned relative to a theoretical standard -the isolated excited and ground state atom under the same periodic boundary conditions. This is identical to computing a difference in formation energies between the excited and ground states, and formation energies are numerically well defined within a pseudopotential framework [24] . In practice, we aligned the computed spectrum to an experimentally well-defined system (H 2 O and GaPO 4 ) and use the same constant-ofalignment in all further calculations using the same excited state pseudopotential. The spectra are further broadened 20% to account for the well-known tendency of DFT to underestimate the band gap [26] . The density of states was calculated within QUANTUM ESPRESSO [27] . Calculated spectra were convoluted with Gaussian functions of 0.3 eV (oxygen) and 0.6 eV (gallium) FWHM.
Structures
The structure of all the pure crystals here were taken from the literature [28] . When a defect was added or removed, the target atom was swapped with the appropriate atom or defect and the structure was then relaxed within QUANTUM ESPRESSO. Forces were minimized to within 10 −6 Rydberg. These are not intended to be definitive structures but rather examples of the types of defects that might be present.
Results
Fig . 1 shows the experimental and calculated oxygen 1s spectra for a series of conditions. The experimental data were taken on a series of P-system CIGS surfaces with the composition ratio, X=Cu/(In+Ga) =0.93, 0.86, 0.84, 0.79, 0.76, and 0.71. The calculated spectra were developed to interpret the effects of composition. The measurements constitute a sampling of the near-surface region. The three dashed lines correspond to the 1s-> 2p states of oxygen for double-bonded oxygen -R=O (532 eV) [14, [29] [30] [31] , Cu 2 O (533 eV) [32] , and hydroxyl -OH (534 eV) [14, 29, 33] . The calculated spectra were derived from structures obtained in the literature including: SeO 2 , Cu 2 O [34] , liquid water [35] , α-Ga 2 O 3 [36] , CuO [34] , and In 2 O 3 [37] . Other species that were ruled out due to poor agreement included condensed O 2 [38] and CdO [37] . The peak at 532 eV assigned to -R=O in the experimental spectra remains roughly constant. The peak assigned to Cu 2 O generally increases with increasing Cu content. The -OH peak also appears to remain constant, but is likely convoluted with other contributions from the surface. Higher Cu contents lead to conductivities that are too high (non optimum) leading to lower J sc values (due to a reduced space charge region and thus a loss in collection of IR photons) and lower V oc values as a consequence. Fig. 3 shows a series of oxygen 1s XAS spectra of C-system CIGS absorbers taken by both total electron yield and auger electron yield (AEY). The TEY probes a depth on the order of 10-50 nm, whereas AEY is more surface-sensitive, probing only 1-2 nm. Both signals are collected simultaneously and are presented to investigate the possibility of differences in the surface versus the near-surface region. Spectra are shown for a variety of CIGS after-processing treatments: as grown, hot water, thiourea/NH 4 OH , NH 4 OH, PED, and a film that produced over 19% PCE. The peak at 530.5 eV is found in the more bulksensitive TEY, but not in the more surface-sensitive AEY. This peak is the only feature that shows a difference in the spectral-line shape for the AEY and TEY. It is not present in P-system spectra but is thought to be benign as it occurs even the 19% device. The same peak found previously at 532.2 eV on CIGS is once again found here. The inset shows the height (Δy) of the peak at 532.2 eV for the measurements determined graphically. The PED sample is the clear standout but also the high-PCE sample is also very strong with no additional treatments. The as-grown sample and NH 4 OH-treated samples appear very similar. 
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Comparing them to the hot water treatment shows additional intensity in the 532-535 eV region. Fig. 4 shows the XAS of C-system absorbers for the O 1s, Cu 2p, and Ga 2p edges for sample treatments that include as grown, oxygen plasma, and argon implantation both as treated and after the PED. The changes in the spectral features are highlighted by shaded regions. The surface treatments lead to distinct changes in the XAS that are significantly altered by the PED. The O 1s XAS show the formation of the 532 eV resonance associated with -R=O and a trend to the similar spectral shape. The Cu 2p data show the formation of a shoulder near 927 eV and somewhat smeared spectral features for the Ar-implanted case. Other spectra are not significantly different and the PED appears to promote a consistent spectral shape in all cases. The Ga 2p data continue to show the effects that the PED promotes a consistent spectral shape. The samples not treated with PED show Ga 2p spectra that have similarities for the as grown, oxygen plasma, and argon implanted samples.
The C-system device performance for samples prepared with the treatments in Fig. 4 is presented in Fig. 5 . The J-V data in Fig. 5(a)-(c) are taken from the best performing sample in each treatment. The best device performance gave a 16.4% PCE. Devices were processed with a CBD CdS layer and standard window and contact layers. In Fig. 5(d) -(g), the V OC , J SC , FF, and PCE show trends of decreasing performance from the as grown, oxygen plasma, and argon implanted cases. Fig. 6 shows the results of calculations at the oxygen 1s, copper 2p, and gallium 2p edges and some example experimental spectra for comparison. The O 1s spectra include: the point defect case where oxygen replaces selenium in CIGS; SeO 2 , CdSO 4 ; In 2 O 3 ; α-Ga 2 O 3 . The calculated CIGS Cu 2p spectra are shown in Fig. 6(b) . Fig. 6(c) gives Ga 2p spectra. The previously highlighted lines of 530.5 eV, 532.2 eV, and 533.2 eV are indicated for comparison. Calculated spectra of the Ga 2p are shown for CIGS (green), GaS (orange), Ga 2 S 3 (light blue), α-Ga 2 Se 3 (dark blue), β-Ga 2 Se 3 (yellow), GaSe(purple), α -GaO (red), β-GaO (black). The main features following PED in the experiment are marked at 1120.5 and 1122.1 eV. From this, the Ga 2p calculations support an oxidized Ga species for the as grown and oxygen plasma treated samples whereas the PED promotes spectral features with gallium in Fig. 1 . The FF depends most on the copper content as expected. The trend J SC is related to a changing band gap due to copper composition. Fig. 3 . Experimental and calculated x-ray absorption spectra of the oxygen 1s of CIGS surfaces having undergone various treatments, with total electron yield as a solid line and the more surface-sensitive Auger electron yield as crosses. The data were collected on absorbers grown in the NREL C-system. The series of aqueous treatments are as grown (orange), hot water (yellow), ammonia (purple), thiourea and ammonia (pink), CdSO 4 (green), the PED (red) and finally in an as grown CIGS film with PCE > 19% cell (blue). The peak at 532.2 eV is present always, but the peak at 530.5 eV is only present in the more bulk sensitive TEY measurements. Some amount of CuO was present in these films while the metal oxides are not prominent. The -R=O feature, most likely due to -Se˭O, is a prominent feature for PED and high-performance materials. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
a CIGS and/or Ga 2 Se 3 environment.
Discussion
Using the O 1s XAS as a metric of the surface composition, we can see that the CIGS surface exhibits a significant variety of species with respect to fabrication and processing. Nominally identical materials can be quite different as seen in the difference between the as grown spectra in Figs. 1, 3 , and 4. While this work is not comprehensive with respect to all CIGS deposition and processing, the intent is to provide a diverse dataset from actual devices for a perspective that will better inform device makers. Oxygen is not designed to be present at all; it is nevertheless a consequence of many CIGS processing strategies as exposure to air often occurs in handling following deposition. The data in Fig. 1 are a starting point to appreciate what oxygen species may be present with respect to film composition. The direct connection to composition is in the systematic increase of the peak shoulder at 533 eV assigned to Cu (I) oxygen species similar to Cu 2 O. The data does not represent a true depth profile, however the copper content in the near surface region may be compared.
The partial electrolyte treatments shown in Fig. 3 arise from work investigating the chemical bath deposition (CBD) of cadmium sulfide. Ramanathan et al. showed that reasonable device performance could result by the PED after standard window and contact device layers were added [39] . This motivates the present experiment to dissect the PED for clues about specific components of the process. The spectral features of primary interest consist of the peak at 532.2 eV and 534-35 eV region. While the best XAS results accompany the full PED, the least influential surface treatment relates to ammonium hydroxide solution treatment only. The basic environment of this treatment would likely result in the removal of surface oxide material. The result nevertheless appears to produce a surface chemistry similar to hot water and as grown conditions. The other solution treatments (PED, thiourea +NH 4 OH, CdSO 4 ) appear to chemically alter the surface composition to produce the -R=O resonance at 532 eV. The basic environment of this treatment would likely result in the removal of surface oxide material. The case of PED and CdSO 4 suggest that CdSO 4 reacts with the CIGS surface due to the presence of cadmium sulfate. That the PED could promote a favorable surface [39] chemistry as measured by XAS is a key insight gained from this study.
The positive effects of the PED are further illustrated in Fig. 4 . These data show that the PED can be used to restore the surface termination following oxidation and damage. The initial CIGS oxygen, copper, and gallium spectra whether bare or treated with an oxygen plasma evolves to a similar spectrum. The O 1s data show a consistent peak at 532.2 eV (-Se˭O) after PED although in the Ar implant case additional damage was not completely removed. The removal of a peak at 536 eV which could be related to oxidized indium (c.f. Fig. 3 ) is also observed.
The Cu 2p XAS in various conditions is shown in Fig. 4(b) by total electron yield. For the oxygen plasma treated and as grown samples, the differences between the dip and no PED are not significant. This is likely because Cu is only found in the CIGS layer and the oxygen plasma does not cause significant damage. Thus, the PED does not change the copper, particularly when there is no damage to it. The Ar implanted shows a peak in the pre-edge region (~925.5 eV). This shoulder is related to Cu moving into a higher oxidation state, Cu(II), as compared with the Cu in CIGS Cu (I). This peak is consistent with previous results on copper [40] . Argon implantation has been observed to introduce significant damage to materials that are susceptible to oxidation [41] . The PE treatment appears to restore the copper to its previous oxidation state. The restoration occurs for both the TEY and fluorescence yield (not shown), implying the PED infiltrates the material as far as the Argon is implanted and thus largely restores the near surface structure.
The Ga 2p XAS collected by total electron yield in the same conditions as oxygen and copper is shown in Fig. 4 (c) and generally consists of 2 peaks. The bare CIGS gallium is largely unchanged by treating the surface with an oxygen plasma with two peaks at 1120.3 eV and~1121.7 eV. The argon implantation does appear change the gallium spectrum to a single broad peak, however all of these spectra are transformed to nearly identical spectra independent of the damage with peaks located at 1120.5 and 1122.1 eV following PED.
The device results shown in Fig. 5 for the PED treatment indirectly support the potential impact the CBD has on the CdS-CIGS interface and cell performance. Devices with a best-case performance at 16.4% PCE show decreasing performance for the oxygen plasma treated and argon implanted cases. Nevertheless, the deleterious treatments to the CIGS surface prior to device fabrication did not completely terminate performance. It is somewhat surprising that some of argon-implanted devices still operate. All of these samples had a standard CBD CdS processing treatment. This provides experimental evidence that the PED and CBD processing are linked in their effects on CIGS devices and it is reasonable to be concluded that the CBD process produces an interface where the chemical environments of the Cu, In, Ga, and Se are Fig. 4 . Experimental X-ray absorption spectra of NREL C-system CIGS absorbers of the: (a) O 1s, (b) Cu 2p, and (c) Ga 2p collected by total electron yield. Dashed lines represent measurements prior to the partial electrolyte dip (PED) for the as grown, oxygen plasma, and argon implanted sample conditions. The solid lines represent the measurements for the respective sample conditions after PED. The shaded region illustrates to the differences due to the PED. All three-absorption edges show evidence that the PED produces a consistent XAS signature despite sample treatments.
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similar to that observed with XAS. This is particularly valuable as the CdS-CIGS interface (or any interface for that matter) is extremely difficult to isolate and characterize. The restorative effect is crucial support that the CBD (or PED) processing produces a high quality CdS-CIGS interface via chemical reaction. The results from Fig. 3 support that the high-efficiency cell and the PED have similar surface chemistries. Nevertheless, it could be argued that elements of the surface chemistry is present on all CIGS and that the chemical bath processing normalizes many different surface chemistries to the that which produces the XAS results for Fig. 4 . Surface treatments included oxygen plasma or argon implantation followed by CBD CdS. Performance drops from the control, as grown, sample to oxygen plasma and then argon implantation. Despite this, devices are still operational in all cases suggesting that the CBD process, like the PED, promotes the needed surface/interfacial chemistry for a functional device.
the PED and high efficiency devices. The observed effects hold for the near surface region (x < 50 nm) of the CIGS surface based on the TEY data collection of the XAS. Furthermore, it is reasonable that the CBD (PED) processing effects result for both the indium and selenium in CIGS despite the XAS for these elements not being experimentally tractable for this study. The type of chemical reaction the CBD (PED) processing involves both removal of oxygen species by the base conditions and additional chemistry from species like Cd
2+
. Indeed the Cd 2+ would coordinate to selenium surface atoms in solution. When the solution is removed the selenium could compensate by scavenging oxygen to produce the observed -Se˭O termination. In a completed CBD of CdS the coordinated -Se-Cd-bonding would be present and would constitute the makings of a high-quality interface. The focus of this study has been limited to the effects of solution processing CdS which result in subtle differences in the surface chemistry that appear to have some impact on device processing. The effort attempted to include as many as factors that may be tied to the performance, such as CIGS composition and exaggerating the effects of oxidation. The goal of this was to provide device makers with as broad as knowledge possible to account for alternative methods for both CIGS absorber and CdS processing. The results presented here provide a deeper understanding of a CBD/PED strategy that nevertheless can inform other methods that use different solution precursors, vapor phase deposition, or sputtering.
Conclusions
The CIGS surface and interface with CdS in solar cells is challenging to adequately characterize because of number of potential chemical species. This work has investigated the chemical structure of CIGS as a function of deposition source, film composition, and surface treatments to inform CIGS solar cell fabrication. Based on the experimental and theoretical XAS, the following can be expected: 1) oxygen is present in the near-surface region (x < 50 nm); 2) the bulk composition strongly influences the surface composition; 2) the Cu, In, Ga, Se species are chemically restored to an environment consistent with the CIGS crystallographic structure; 3) -Se˭O chemical termination results from the chemical processing of the PED; 4) any surface oxidation or contamination is mitigated through the CBD (PED) process. This is new information on how high-quality interfaces at critical materials junctions form in CIGS solar cells. These results can guide development of processing strategies that do not incorporate cadmium-based wet chemical treatments. For example: does the CBD of zinc-oxygen-sulfur buffer layers produce a similar surface chemistry? Or can vapor-based strategies achieve this surface chemistry? Answering these questions will help validate new strategies to develop better performing and cadmium free CIGS solar cells.
